We introduce several types of terahertz-(THz) wave parametric sources. THz-waves can be generated by optical parametric processes based on laser light scattering from the polariton mode of nonlinear crystals. Using parametric oscillation of MgO-doped LiNbO3 crystal pumped by a nanosecond Q-switched Nd:YAG laser, we have realized broadband sources as well as coherent (narrow band) and widely tunable THz-wave sources. The THz-wave Parametric Generator (TPG) generates a broadband THz wave using a simple configuration; the THz-wave Parametric Oscillator (TPO) and the injection seeded THz-wave Parametric Generator (is-TPG) are two sources that generate coherent, widely tunable THz radiation by suitably controlling the idler wave. We report the characteristics of the oscillation and the radiation including linewidth and tunability. Further, we show the recent progress about these THz-wave parametric sources. We developed two new kinds ofTPG by using compact pump sources. One TPG includes a flash-lamp-pumped multimode Nd:YAG laser with a top-hat beam profile, that allows generating high energy, broadband THz waves. Fitting in a space as small as 12 cm x 22 cm (including the pump source) this TPG outputs more than 100 pJ/pulse, which is about 100 times higher than the best results previously reported for TPG. The other has a potential to be a narrow-linewidth injection-seeded TPG, based on an laser-diode-pumped single-mode microchip Nd:YAG laser. The pump laser linewidth is below 0.009 nm and its size is 105x30x32 mm3. This allowed us to achieve a narrow-linewidth compact inj ection-seeded terahertz-wave parametric generator.
INTRODUCTION
Terahertz (THz) waves are the electromagnetic radiation whose frequency ranges from millimeter waves to the far infrared. While both sides of this range have had a long history of research and development, leading to already commercially available sources, detectors, meters, and many additional devices, the THz-wave range is still in its infancy, representing the last unexplored part of the electromagnetic spectrum between radio waves and visible light. This delayed development was mainly caused by the difficulty of producing reliable and strong THz-wave generators, as well as the unavailability of sensors that can detect this unusual radiation. Technology extrapolation from both neighboring sides has been facing difficult problems: Up-conversion from the microwaves is inefficient due to the frequency being too high; down-conversion from the infrared is limited by the energy gaps that must be very low.
One of the most widespread processes for generation of THz waves in the laboratory is the optical rectification or photoconductive switching produced using femtosecond laser pulses. Applied research, such as time domain spectroscopy (THz-TDS), makes use of the high time resolution of THz-waves and ultra broad bandwidth up to the THz region. Only few sources bring together qualities such as room temperature operation, compactness, and ease of use.
Another technique for producing THz radiation is the so-called parametric generation. The THz wave is emitted based on an optical parametric process in a nonlinear crystal [1, 2] . The THz-wave parametric generator (TPG) [3] , THz-wave parametric oscillator (TPO) and injection seeded TPG (is-TPG) making use of this principle are not only compact but also operate at room temperature, suitable as practical radiation sources. Moreover, the nanosecond THz-wave pulse, defined by the Q-switched laser pulse used for pumping, offers the potential advantage of a narrow linewidth over the femtosecond THz-wave pulses of other sources. In principle, both a narrow linewidth and a wide tunability are possible in injection-seeded TPG (is-TPG) systems with single-longitudinal mode near-infrared lasers as pump sources and seeders. Details about TPG, TPO and is-TPG are given in Ref. [4] .
One of the most widespread processes for generation of THz waves in the laboratory is the optical rectification or photoconductive switching produced using femtosecond laser pulses. Applied research, such as time domain spectroscopy (THz-TDS), makes use ofthe high time resolution ofTHz-waves and ultra broad bandwidth up to the THz region. Only few sources bring together qualities such as room temperature operation, compactness, and ease of use.
Another technique for producing THz radiation is the so-called parametric generation. The THz wave is emitted based on an optical parametric process in a nonlinear crystal [1, 2] . The THz-wave parametric generator (TPG) [3] , THz-wave parametric oscillator (TPO) and injection seeded TPG (is-TPG) making use of this principle are not only compact but also operate at room temperature, suitable as practical radiation sources. Moreover, the nanosecond 1Hz-wave pulse, defined by the Q-switched laser pulse used for pumping, offers the potential advantage of a narrow linewidth over the femtosecond THz-wave pulses of other sources. In principle, both a narrow linewidth and a wide tunability are possible in injection-seeded TPG (is-TPG) systems with single-longitudinal mode near-infrared lasers as pump sources and seeders. Details about TPG, TPO and is-TPG are given in Ref. [4] .
PRINCIPLES OF A TERAHERTZ-WAVE PARAMETRIC GENERATION
When a strong laser beam propagates through a nonlinear crystal with resonances, photon and phonon transverse wave field are coupled, behave as new mixed photon-phonon states, called polariton. The generation of the THz radiation results from the efficient parametric scattering of laser light via a polariton, that is, stimulated polariton scattering. The scattering process involves both second-and third-order nonlinear processes. Thus, strong interaction occurs among the pump beam, the idler beam, and the polariton (THz) waves.
One of the most suitable nonlinear crystal to generate THz-wave is LiNbO3 thanks to its large nonlinear coefficient (d33 = 25.2 pmV' at 2 1.064 im [5] ) and its transparency over a wide wavelength range (0.4 -5.5 rim). LiNbO3 has four infrared-and Raman-active transverse optical (TO) phonon modes, called A1-symmetry modes, and the lowest mode ((On ' 248 cm') is useful for efficient far-infrared generation because it has the largest parametric gain as well as the smallest absorption coefficient [3] . The principle of tunable THz-wave generation is as follows. Polaritons exhibit phonon-like behavior in the resonant frequency region (near the TO-phonon frequency WTO). However, they behave like photons in the non resonant low-frequency region (Fig. 1) , where a signal photon at THz frequency (WT) and a nearinfrared idler photon (w1) are created parametrically from a near-infrared pump photon (we), according to the energy conservation law w, = WT + (p: pump; T: THz; i: idler). In the stimulated scattering process, the momentum conservation law Ii = k + kT (noncolinear phase-matching condition; Fig. 1 ) also holds. This leads to the angledispersive characteristics of the idler and THz waves. Thus, a coherent THz wave is generated efficiently by using an optical resonator (TPO) or injection seeding for the idler wave (is-TPG), and continuous and wide tunability is accomplished simply by changing the angle between the incident pump beam and the resonator axis or seed beam. For more details about principles ofparametric generation, see this article [4] .
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TERAHERTZ-WAVE PARAMETRIC GENERATOR (TPG)
Broadband THz waves are generated by single-pass pumping, in a TPG. The generator configuration is quite simple since it needs neither resonator nor seeder, as shown in Fig. 2 . The MgO:LiNbO3 crystal used in the experiment was cut to the size 65 (x) x 5 (y) x 4 (z) mm3. The x-surfaces at both ends were mirror polished and antireflection coated. The ysurface was also mirror polished, in order to minimize the coupling gap between the prism base and the crystal surface, and to prevent scattering of the pump beam. The pump beam passed through the crystal close to the y-surface, to minimize the travel distance of the THz-wave inside the crystal.
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TERAHERTZ-WAVE PARAMETRIC GENERATOR (TPG)
Broadband THz waves are generated by single-pass pumping, in a TPG. The generator configuration is quite simple since it needs neither resonator nor seeder, as shown in Fig. 2 . The MgO:LiNbO3 crystal used in the experiment was cut to the size 65 (x) x 5 (y) x 4 (z) mm3. The x-surfaces at both ends were mirror polished and antireflection coated. The ysurface was also mirror polished, in order to minimize the coupling gap between the prism base and the crystal surface, and to prevent scattering of the pump beam. The pump beam passed through the crystal close to the y-surface, to minimize the travel distance of the THz-wave inside the crystal. Most of the generated THz-wave was absorbed or totally reflected inside the crystal due to the materials large absorption coefficient and large refractive index (5.2at the THz range [6] ). Therefore, it was rather difficult to couple out the THz-wave efficiently to the free space. We introduced a Si-prism coupler (n 3 .4) to extract the THz-wave generated inside a nonlinear crystal, thereby substantially improving the exit characteristics [7] . The THz-wave output energy, peak power and linewidth emitted from the TPG is typically 1 pJ/pulse, 300 tW, and 1 THz respectively.
TERAHERTZ-WAVE PARAMETRIC OSCILLATOR (TPO)
Coherent tunable THz waves can be generated by realizing a resonant cavity for the idler wave. This is the basic configuration ofa TPO, and it consists ofa Q-switched Nd:YAG laser, the nonlinear crystal, and a parametric oscillator, as shown in Typical input-output characteristics of a TPO are shown in Fig.4 , in which the oscillation threshold was 18 mJ/pulse. With a pump power of 34 mJ/pulse, the output energy of 1Hz wave from TPO was 192 pJ/pulse ( 19 mW at the peak), calibrated using the sensitivity of the bolometer. Since the Si-bolometer output becomes saturated at approximately 5 Most of the generated THz-wave was absorbed or totally reflected inside the crystal due to the materials large absorption coefficient and large refractive index (5.2at the THz range [6] ). Therefore, it was rather difficult to couple out the THz-wave efficiently to the free space. We introduced a Si-prism coupler (n 3 .4) to extract the THz-wave generated inside a nonlinear crystal, thereby substantially improving the exit characteristics [7] . The THz-wave output energy, peak power and linewidth emitted from the TPG is typically 1 pJ/pulse, 300 tW, and 1 THz respectively.
Coherent tunable THz waves can be generated by realizing a resonant cavity for the idler wave. This is the basic configuration of a TPO, and it consists of a Q-switched Nd:YAG laser, the nonlinear crystal, and a parametric oscillator, as shown in Fig. 3 . The idler wave is amplified in the resonator consisting of flat mirrors with a half-area HR coating. The mirrors and crystal are installed on a precise, computer-controlled rotating stage for precise tuning. When the incident angle of the pump beam into the LiNbO3 is varied between 3 .13 and 0.84 deg, the angle between the pump wave and the idler wave in the crystal changes from 1 .45down to 0.39 deg, whereas the angle between the THz-wave and the idler wave changes from 67.3 down to 64.4 deg. With this slight variation in the phase-matching condition, the wavelength (frequency) of the THz-wave could be tuned between 100 and 330 mm (3 -0.9 THz); the corresponding idler wavelength changed from 1.075 down to 1 .067 mm.
P up htuu Typical input-output characteristics of a TPO are shown in Fig.4 , in which the oscillation threshold was 18 mJ/pulse. With a pump power of 34 mJ/pulse, the output energy of 1Hz wave from TPO was 192 pJ/pulse ( 19 mW at the peak), calibrated using the sensitivity of the bolometer. Since the Si-bolometer output becomes saturated at approximately 5 5 pJ/pulse, we used several sheets of thick paper as an attenuator after they were properly calibrated. The minimum sensitivity of the Si-bolometer is approximately 1 fl/pulse, therefore, the dynamic range of measurement using the TPO as a source is 192 pJ I 1 13, which exceeds 50 dB.
INJECTION-SEEDED TERAHERTZ-WAVE PARAMETRIC GENERATOR (IS-TPG)
The TPG spectrum was narrowed to the Fourier transform limit of the pulse width by introducing an injection seeding for the idler wave. Figure 5 shows our experimental setup of the is-TPG. The purity of the THz-wave frequency is dramatically improved. Simultaneously, the output power obtained is several hundred times higher than that of a conventional TPG. In addition, wide tunability and fine resolution were demonstrated using a tunable seeder. The THzwave output energy and the temporal waveform were measured with a 4K Si bolometer and a Schottky barrier diode detector, respectively.
It was possible to tune the THz wavelength using an external cavity laser diode as a tunable seeder. A wide tunability, from 125 to 430 pm (frequency: 0.7 to 2.4 THz), was achieved by changing simultaneously the seed wavelength and the seed incident angle. 5 pJ/pulse, we used several sheets of thick paper as an attenuator after they were properly calibrated. The minimum sensitivity of the Si-bolometer is approximately 1 fl/pulse, therefore, the dynamic range of measurement using the TPO as a source is 192 pJ I 1 fJ, which exceeds 50 dB.
It was possible to tune the THz wavelength using an external cavity laser diode as a tunable seeder. A wide tunability, from 125 to 430 pm (frequency: 0.7 to 2.4 THz), was achieved by changing simultaneously the seed wavelength and the seed incident angle. The absorption spectrum of low-pressure (< 1 ton) water vapor was measured to demonstrate the continuous tunability and the high resolution of the is-TPG. The absorption gas cell used was an 87-cm-long stainless steel pipe with TPX windows at both ends. Fig. 6 shows an example of measurements at around 1 .92 THz, where two neighboring lines exist. Resolution of less than 100 MHz (0.003 cm1) was clearly shown. In fact, it is not easy for FTIR spectrometers in the THz-wave region to demonstrate a resolution better than 0.003 cm1 because of the instability of the scanning mirror for more than a meter. The system is capable of continuous tuning at high spectral resolution in 4 GHz segments anywhere in the region from 0.7 to 2.4 THz. Since there is no cavity to be slaved, the continuous tuning is extendible, in principle, to the full tunability of the is-TPG by using a mode-hop-free seeder, such as a Littman-type external cavity diode laser. 
SI,
The absorption spectrum of low-pressure (< 1 ton) water vapor was measured to demonstrate the continuous tunability and the high resolution of the is-TPG. The absorption gas cell used was an 87-cm-long stainless steel pipe with TPX windows at both ends. Fig. 6 shows an example of measurements at around 1 .92 THz, where two neighboring lines exist. Resolution of less than 100 MHz (0.003 cm1) was clearly shown. In fact, it is not easy for FTIR spectrometers in the THz-wave region to demonstrate a resolution better than 0.003 cm1 because of the instability of the scanning mirror for more than a meter. The system is capable of continuous tuning at high spectral resolution in 4 GHz segments anywhere in the region from 0.7 to 2.4 THz. Since there is no cavity to be slaved, the continuous tuning is extendible, in principle, to the full tunability of the is-TPG by using a mode-hop-free seeder, such as a Littman-type external cavity diode laser. The input-output characteristic of the THz wave from an is-TPG is shown in Fig. 7 . The maximum conversion efficiency was achieved when the pump and seed beams almost fully overlapped at the incident surface of the first MgO:LiNbO3 crystal. The maximum THz-wave output of 1 .3 nJ/pulse (peak power over 300 mW) was obtained with a single-mode pump beam of 34 mJ/pulse and a seed beam of 50 mW. To prevent saturating the Si bolometer, again we used several sheets of thick paper as an attenuator after calibrating them. In our previous studies, the maximum THzwave output from a conventional TPG and a TPO was 1 and 190 pJ/pulse, respectively [8] . The Si-bolometer became saturated at about 5 pJ/pulse, so we used several thick calibrated sheets of paper as an attenuator. As the minimum sensitivity of the Si-bolometer is about 1 fJ/pulse, the dynamic range of the is-TPG system was from 1.2 nJ down to 1 fJ, that is, 60 dB, which is sufficient for most applications. The dynamic range can be significantly increased using a lock-in amplifier.
RECENT PROGRESS

Energy-enhanced TPG
In this section, we report some recent developments of a TPG using a small pump source with a short pulse width and top-hat beam profile. In our experimental configuration, the output energy of the TPG is mainly limited by the damage threshold of the nonlinear crystal. We can generate high energy, broadband THz waves by using a short-pulsed pump beam with a top-hat beam profile which can provide high intensity pumping near the crystal surface without damaging the crystal. ". Fig. 9 shows the output energy of the THz wave as a function of the pump energy. As the pump energy is increased, the energy of the THz wave increases monotonically. The THz-wave output starts being detected at a pump energy of around 25 mJ/pulse. The highest value obtained is 105 pJ/pulse when the pump energy is 66 mJ/pulse, which corresponds to a pump intensity of 820 MW/cm2. The output energy of over 100 pJ/pulse corresponds more than 100 times higher than previous reported [3] . In our previous TPG/TPO research, the damage threshold of the crystal was 4K Si-bolometer 2.2. cm The input-output characteristic of the THz wave from an is-TPG is shown in Fig. 7 . The maximum conversion efficiency was achieved when the pump and seed beams almost fully overlapped at the incident surface of the first MgO:LiNbO3 crystal. The maximum THz-wave output of 1 .3 nJ/pulse (peak power over 300 mW) was obtained with a single-mode pump beam of 34 mJ/pulse and a seed beam of 50 mW. To prevent saturating the Si bolometer, again we used several sheets of thick paper as an attenuator after calibrating them. In our previous studies, the maximum THzwave output from a conventional TPG and a TPO was 1 and 190 pJ/pulse, respectively [8] . The Si-bolometer became saturated at about 5 pJ/pulse, so we used several thick calibrated sheets of paper as an attenuator. As the minimum sensitivity of the Si-bolometer is about 1 fJ/pulse, the dynamic range of the is-TPG system was from 1.2 nJ down to 1 fJ, that is, 60 dB, which is sufficient for most applications. The dynamic range can be significantly increased using a lock-in amplifier.
RECENT PROGRESS
Energy-enhanced TPG
In this section, we report some recent developments of a TPG using a small pump source with a short pulse width and top-hat beam profile. In our experimental configuration, the output energy of the TPG is mainly limited by the damage threshold of the nonlinear crystal. We can generate high energy, broadband THz waves by using a short-pulsed pump beam with a top-hat beam profile which can provide high intensity pumping near the crystal surface without damaging the crystal. Fig. 8 shows our experimental setup for energy-enhanced TPG, which consists of a Q-switched Nd:YAG laser, a lens for pump beam collimation, and two nonlinear crystals. All components, except for the detector in this figure, can be mounted on a 12 x 22 cm breadboard. The pump beam is collimated by a lens at the output ofthe source. It has a top-hat profile with a beam diameter of 1 .3 mm (full width at half maximum) on the first crystal. We used two 65-mm-long nonlinear MgO:LiNbO3 crystals. Fig. 9 shows the output energy of the THz wave as a function of the pump energy. As the pump energy is increased, the energy of the THz wave increases monotonically. The THz-wave output starts being detected at a pump energy of around 25 mJ/pulse. The highest value obtained is 105 pJ/pulse when the pump energy is 66 mJ/pulse, which corresponds to a pump intensity of 820 MW/cm2. The output energy of over 100 pJ/pulse corresponds more than 100 times higher than previous reported [3] . In our previous TPG/TPO research, the damage threshold of the crystal was 4K Si-bolometer 22. em under 200 MW/cm2 of pump beam. With this report, the damage threshold is increased about 4 times, yielding 100 times more output energy ofthe THz wave due to the short pulsed, top-hat distribution ofthe pump beam. Fig. 10 shows the TPG idler wave spectrum observed at varying pump energies. As the pump energy increases, the idler wave spectrum covers a broader spectral region, especially towards longer wavelengths. At the maximum pump energy, the idler wave spectrum was found to cover the range 1 .067 -1 .079 .tm. This spectrum corresponds to the THz wavelength range 77.6 -334 tm (0.898 -3.87 THz). The measured spectrum is much broader than that observed in previous reports. The main reason for this broader spectrum might be the fact that the parametric gain could have broader bandwidth by higher pump energy [3] .
.S . under 200 MW/cm2 of pump beam. With this report, the damage threshold is increased about 4 times, yielding 100 times more output energy of the THz wave due to the short pulsed, top-hat distribution ofthe pump beam. Fig. 1 0 shows the TPG idler wave spectrum observed at varying pump energies. As the pump energy increases, the idler wave spectrum covers a broader spectral region, especially towards longer wavelengths. At the maximum pump energy, the idler wave spectrum was found to cover the range 1 .067 -1 .079 tm. This spectrum corresponds to the THz wavelength range 77.6 -334 jim (0.898 -3.87 THz). The measured spectrum is much broader than that observed in previous reports. The main reason for this broader spectrum might be the fact that the parametric gain could have broader bandwidth by higher pump energy [3] . 
Towards a portable is-TPG
We generated THz waves by using a single-mode microchip laser as the pump source. The laser linewidth is below 0.009 nm and its size is 105x30x32 mm. This allowed us to achieve a narrow-linewidth compact is-TPG.
Our experimental apparatus, shown in Fig. 1 1 , consists of a diode-laser-pumped single-mode microchip Nd3:YAG laser passively Q-switched by Cr4:YAG saturable absorber [9] and two nonlinear crystals. All components in Fig. 1 1 except for the detector can be mounted within an area of25 x 5 cm2.
This microchip configuration enables the low order axial and transverse mode laser oscillation. The laser delivers 1 .8 MW peak power pulses (750 tJ/pulse) with 420 ps pulse width at 100 Hz repetition rate with an M2 factor of 1.09, i.e. the brightness is up to 134 TW/sr-cm2. The repletion rate of this laser is controlled by the current modulation in the pump diode-laser. Also, this laser is free from electric noise compared with active Q-switched lasers. Additionally, this kind of fixed passive Q-switching allows us to obtain a stabilized peak power, with less than 2% power jitter. 
Our experimental apparatus, shown in Fig. 1 1, consists ofa diode-laser-pumped single-mode microchip Nd3:YAG laser passively Q-switched by Cr4:YAG saturable absorber [9] and two nonlinear crystals. All components in Fig. 1 1 except for the detector can be mounted within an area of25 x 5 cm2.
This microchip configuration enables the low order axial and transverse mode laser oscillation. The laser delivers 1.8 MW peak power pulses (750 tJ/pulse) with 420 ps pulse width at 100 Hz repetition rate with an M2 factor of 1.09, i.e. the brightness is up to 134 TW/sr-cm2. The repletion rate of this laser is controlled by the current modulation in the pump diode-laser. Also, this laser is free from electric noise compared with active Q-switched lasers. Additionally, this kind of fixed passive Q-switching allows us to obtain a stabilized peak power, with less than 2% power jitter.
The pump beam diameter on the first crystal is 0.3 mm (full width at half maximum). We used two 65-mm-long nonlinear MgO:LiNbO3 crystals. The surfaces at the ends of each crystal are antireflection coated for a wavelength of 1 .064 jim. A silicon prism array placed on the lateral surface of the second crystal acts as an efficient output coupler for the THz waves by avoiding the total internal reflection of the THz-waves on the crystal output side. We used a pyroelectric sensor to detect both the THz wave and the idler wave. Fig. 12 shows the spectrum of the TPG idler wave, obtained at a pump energy of 750 pJ/pulse, corresponding to an intensity of 2.9 GW/cm2. It was found that the idler spectral range extends from 1069.5 to 1074.5 nm. This spectrum corresponds to the THz wavelength range from 99.5 to 207 .tm (1.44 to 3.02 THz). By pumping with the microchip laser, the idler spectrum shifted to higher frequencies. Fig . 13 shows the time dependent THz-wave output signal measured by the pyroelectric detector. The signal is observed every 10 ms because the repetition frequency of the pump source is 100 Hz. We observed an output energy of the THz wave of about 0.1 pJ/pulse when the pump intensity is 2.9 GW/cm2. By using a 4K Si bolometer or a Schottky barrier diode, the S/N ratio could be improved drastically. We can see ways to further improve our system. As OPGs and OPOs have improved tremendously in the last decade, the use of TPGs and TPOs shows great potential to move towards a lower threshold, higher efficiency, and wider tunability. A lower threshold and a narrower linewidth can be expected using a nonlinear optical waveguide and a longer pump pulse width, respectively.
Operation in other wavelength regions, through proper crystal selection, should also be possible. The success in this endeavor will prove the practicality of a new widely tunable THz-wave source, the is-TPG, that will compete with freeelectron lasers and p-Ge lasers. For tunable THz-wave applications, the simplicity ofthe wave source is an essential requirement since cumbersome systems do not encourage new experimental thoughts and ideas. Compared with the available sources, the present parametric method has significant advantages in compactness, tunability, and ease of handling. 13 shows the time dependent THz-wave output signal measured by the pyroelectric detector. The signal is observed every 10 ms because the repetition frequency of the pump source is 100 Hz. We observed an output energy of the THz wave of about 0.1 pJ/pulse when the pump intensity is 2.9 GW/cm2. By using a 4K Si bolometer or a Schottky barrier diode, the S/N ratio could be improved drastically. We can see ways to further improve our system. As OPGs and OPOs have improved tremendously in the last decade, the use of TPGs and TPOs shows great potential to move towards a lower threshold, higher efficiency, and wider tunability. A lower threshold and a narrower linewidth can be expected using a nonlinear optical waveguide and a longer pump pulse width, respectively.
Operation in other wavelength regions, through proper crystal selection, should also be possible. The success in this endeavor will prove the practicality of a new widely tunable THz-wave source, the is-TPG, that will compete with freeelectron lasers and p-Ge lasers. For tunable THz-wave applications, the simplicity ofthe wave source is an essential requirement since cumbersome systems do not encourage new experimental thoughts and ideas. Compared with the available sources, the present parametric method has significant advantages in compactness, tunability, and ease of handling. 
